Decreased levels of protein kinase C (PKC) and a reduction in the in vitro phosphorylation of a M, 88,000 protein (P88), the major PKC substrate, are biochemical characteristics of brain tissue from patients with Alzheimer's disease (AD) ). In the current study, we utilized antibodies against individual isozymes of PKC to assess the degree of involvement of different PKC isoforms in AD. The concentration of PKC(BII) was lower in particulate fractions prepared from AD hippocampal and cortical tissue than in controls and higher in AD cytosol fractions from the cortex than in controls. lmmunohistochemical studies in AD neocortex revealed reduced numbers of anti-PKC(BII)-immunopositive neurons and diminished staining intensity. In contrast, AD hippocampal neurons in CA3-CA4 were more intensely stained with anti-PKC(BII) antiserum than were controls. The concentration of PKC(/II) was lower in particulate fractions prepared from AD hippocampus than in controls and was higher in soluble fractions prepared from AD cortex than in controls. The concentration of PKC((r) was lower in AD particulate fractions than in controls in the hippocampus. Immunohistochemistry with PKC((Y) antiserum revealed moderately intense neuron staining and an intense staining of glial cells in AD neocortex.
The concentrations and histochemical distributions of PKC (7) were not altered in the disease. PKC immunoreactivity was also found in neuritic plaques. The staining patterns of neuritic plaques with different isoform antibodies varied considerably. Anti-PKC(cr) faintly stained entire plaques and surrounding glial cells; anti-PKC(BI) stained dystrophic plaque neurites; and anti-PKC(@II) stained the amyloid-containing portions of plaques.
Activation of protein kinase C (PKC), a phospholipid-and calcium-dependent kinase, through cell surface signal-transduction mechanisms plays a crucial role in the regulation of many cellular functions, including adhesion, secretion, growth, and differentiation (reviewed by Nishizuka, 1988 Nishizuka, , 1989 . PKC is distributed throughout the body but is especially abundant in the brain (Takai et al., 1977) . Several groups of investigators have demonstrated different forms of the enzyme in the brain (Huang et al., 1987 (Huang et al., , 1988 Jaken and Kiley, 1987; Sekiguchiet al., 1987; Shearman et al., 1987; Woodgett and Hunter, 1987) . Moreover, the use of molecular cloning techniques has revealed cDNAs for 7 PKC transcripts . In the CNS, PKC appears to be involved in several important specialized functions. For example, PKC activation plays a critical role in longterm potentiation (Routtenberg, 1986) and PKC seems to be involved in the survival of neurons since many neuronal trophic factors function through PKC activation (Montz et al., 1985; Hama et al., 1986 ). Alzheimer's disease (AD) is a progressive neurological disorder characterized by a gradual deterioration of cognitive and memory functions (Katzman, 1986) , generally associated with the neurodegeneration. Because of the importance of PKC in the maintenance of neuronal survival, we began the study of PKC in AD. In the frontal cortex of patients with AD, the concentration of PKC, as measured by radioactive phorbol ester binding, is reduced . There are several possible explanations for the reduction of PKC in AD brain. Because there is extensive neuronal loss in AD, reduced PKC may merely reflect diminished numbers of neurons. Alternatively, reduced PKC may precede the neuronal degeneration, and the reduction may be involved in the process of neuronal death. The finding of reduced levels of PKC in fibroblasts derived from AD patients as compared to controls rules out the possibility that all PKC changes in AD are secondary to neuronal loss and gliosis and favors the possibility of PKC involvement in the process of cellular dysfunction or degeneration. Fibroblasts contain only the PKC(o() isoform, whereas brain contains at least 7 PKC isoforms (Nishizuka, 1989) . Analysis of PKC isoforms in AD brain is of interest because some of them are shown, from animal studies, to be relatively restricted to CNS tissue, and the region-specific and selective subcellular distributions of the different isoforms suggest selective neuronal func- 
Materials and Methods
In all, 18 brains were studied. There were 11 cases of AD and 7 agematched normal controls. All the AD patients were clinically demented, whereas those in the control group were not. The AD subjects ranged in age from 6 1 to 9 1 years, with an average of 79, while the controls varied from 50 to 89 and averaged 70 vears of aae. Amona the AD patients, the final cause of death was listed as c&diovasc;lar in 4, pneumonia in 2, diabetes mellitus in 1, and bleeding peptic ulcers in 1. In the remaining 3 AD cases, no diagnosis other than AD was given as a cause of death. Among the control cases, 3 died of widely metastatic carcinoma, 3 of cardiovascular disease, and 1 from emphysema complicated terminally by pneumonia. Six of the 11 AD patients were receiving Haldol during their terminal institutionalization, and another was on Melaril. None ofthe controls was being treated with neuroleptics. The effects of this difference in drug treatment between the AD cases and the controls with reference to PKC isoenzyme immunoreactivity are unknown.
Information about exact postmortem intervals prior to brain freezing and fixation was available in all control cases (range, 3-l 2 hr; average, 8 hr), and in 8 of the AD specimens (range, 3-l 2 hr; average, 7 hr). For the remaining 3 AD brains, such detailed information was unavailable, but no specimens were included if the postmortem interval exceeded 12 hr. Therefore, with a pessimistic assumption of 12 hr for the 3 AD specimens, the postmortem intervals of the entire AD group could not exceed a range of 3-l 2 hr, with an average of 8 hr. The effects ofvariable postmortem intervals of less than 12 hr on PKC isoenzyme immunoreactivity are unlikely to be great, since the SDS of the relative PKC immunoreactivities were not excessive (see below and Figs. 2 and 3). We did not detect any changes in immunostaining intensity attributable to postmortem interval effects in the immunohistochemical portion of the study (see below and Figs. 4-8 and 10).
The control and AD brain samples were collected from the same sources over the course of several years, from 1984 to 1989. The frozen brain tissue was kept at -70°C until samples were processed for Western blot analyses. Some of the specimens from each group, then, had been frozen for up to 4 years, while others had been frozen for only a few weeks, but there was no systematic bias in storage duration between the AD brains and the controls. Storage duration is not likely to be a significant variable in this study in any case, since the Western blot analyses quantify antigenicity rather than activity of PKC isoenzymes. While prolonged frozen storage could reasonably be expected to affect enzyme activity due to protein denaturation, a loss of antigenicity would require actual protein degradation, which should not occur at -70°C.
Following removal, the brains were divided sagittally and the left hemibrain was fixed in 10% formalin while the riaht hemibrain was frozen at -70°C. Before dissection, the right hemibiains were kept for 4 hr at 4°C and sections approximately 1 cm thick were sliced while the brains were still frozen. Midfrontal cortex and hippocampus were dissected from these sections on a glass plate cooled from below bv a bed of powdered dry ice. Dissected cortex was placed in 10 volumes of the homogenization buffer (0.32 M sucrose, 5 mM HEPES, pH 8.0, 5 mM benzamidine, 2 mM fl-mercaptoethanol, 3 mM EGTA, 0.5 mM MgSO,, 10 ELM sodium meta vanadate, 0.1 mM PMSF, 10 &ml leupeptin, 5 &ml pepstatin A, and 10 fig/ml aprotinin) and homogenized by two 5-set strokes of a Polytron homogenizer (Brinkmann. Westburv. NY). This homogenate wascentrifugedi hr at 100,000 x g at 2°C to separate the cytosol from the particulate fraction. The particulate fraction was reconstituted into the original volume of the homogenization buffer. After assaying the protein concentration by the method of Lowry et al. (195 1) , both fractions were adjusted to 1 mg protein/ml by adding the homogenization buffer, divided into aliquots, frozen in an ethanol/dryice bath, and stored at -70°C until used for Western blot analysis.
After lo-14 d of formalin fixation, left hemibrains were examined grossly and dissected, and blocks were taken from all cerebral lobes, hippocampus, basal ganglia, substantia innominata, hypothalamus, amygdala, mesencephalon, pons, and cerebellum. Hematoxylin and eosine (H & E) and Nissl preparations from these areas were examined for tangles in the neocortex. In some cases, oniy plaques were present, but they occurred in sufficient numbers to assure the diagnosis. The brains of 2 cases without clinical dementia contained small foci of old or recent infarction, but without sufficiently extensive parenchymal loss to result in clinical dementia. Six normal (70 f 10 yr) and 6 AD (75 +-5 yr) cases (postmortem interval 7 + 4 hr for both normal and AD) were chosen for the detailed immunohistochemical analysis reported in this study.
Antibodies against PKC isoenzymes. Antisera were raised in rabbits against synthetic peptides predicted from the human cDNA sequence corresponding to the C-terminal portion of 4 PKC isozymes, LY, PI, 611, and y. The sequences used were PQFVHPILQSAV [PKC(a), 66 l-6721, SYTNPEFVINV [PKC@I), 66 l-67 11, NSEFLKPEVKS [PKC(flII), 663-6731, and SPISPTVPVM [PKC(r), 687-6971. The C-terminal cysteine was added to the peptides so that they could be conjugated to proteins by the method of Green et al. (1982) . Two carrier oroteins and 2 conjugation methods were used for the immunization. First, peptides were conjugated to keyhole limpet hemocyanin (KLH) as described previously . Second, peptides were conjugated to rabbit serum albumin (RSA) by using glutaraldehyde. Briefly, 1.0 ml of 20 mM glutaraldehyde was mixed with 20 mg RSA in 0.5 ml of 0.4 mM phosphate, pH 7.5, and 15 pmol of synthetic peptide in 1.5 ml of water by adding glutaraldehyde dropwise with stirring over the course of 5 min. The peptide-RSA conjugates were stirred at room temperature for 30 min and then 0.25 ml of 1 M glycine was added to block unreacted glutaraldehyde incubating an additional 30 min before dialysis. Peptide-KLH conjugate (200 fig) emulsified with Freund's complete adjuvant was injected in rabbit lymphatic drainage areas. Every 4 weeks, rabbits were boosted with the same antigen emulsified with Freund's incomplete adjuvant. From the third boost, antigens were changed to peptide-RSA. Rabbits were bled after the fourth boost. All the antisera gave a titer between l/2000 and l/5000 on dot blots with the individual DeDtideS. At this stage, the incubation of antisera with 400 &ml of the'corresponding peptide, but not with other peptides, abolished their immunoreactivity. Antisera were further purified by affinity chromatography on immobilized antigen columns prepared by coupling free peptide antigens to activated aldehyde-agarose (Actigel A, Sterogene, Arcadia, CA). The aldehyde-agarose gel was washed with 3 volumes of coupling buffer (0.1 M phosphate buffer, pH 7.0) and a solution of 2 mg/ml of free peptide antigen per milliliter ofresin was brought up to 0.1 M sodium cyanoborohydride and agitated for 2 hr at room temperature. The gel was then washed with 10 volumes of 1 M NaCl on a Buchner funnel followed by coupling buffer. Antisera were then pumped over columns with their corresponding immobilized peptide antigen overnight at 4°C washed extensively, and eluted with 0.1 M glycine buffer at pH 2.8. The protein-containing fractions were immediately neutralized with crystalline Tris and the protein peaks pooled and used. At this stage, the staining on blots was abolished by the incubation of antibodies with 20 fig/ml of the free corresponding peptide but not with other peptides, demonstrating the specificity of our antisera.
Protein blot and immunological detection of PKC. Fifty micrograms of protein (Lowry et al., 1951) in Laemmli samnle buffer (Laemmli. 1970 ) was electrophoresed on 6.5-l 6% SDS-polyacrylamide'gels, blot: ted to nitrocellulose, blocked with PBS containing 0.1% Tween 20 (TPBS) for 12 hr, and incubated with primary antibody (diluted as indicated in the figure legends in PBS containing 3% BSA) for 1 hr at 4°C. Blots were then washed with TPBS, incubated with 0.5 &Ji/ml iodinated protein A in PBS containing 3% BSA, and then washed and autoradiographed on Kodak X-Omat RP film at -70°C. Films were then developed with a Konica film developer and scanned with an LKB densitometer for quantification of the M, 80,000 PKC band. X-ray film was exposed to blots to give bands in the OD range between 0.8 and 2.5 where the sensitivity of the film is relatively linear. The integrated OD for the M, 80,000 PKC band was taken as the relative quantity of PKC. Values for individual AD cases were expressed as the relative value to the average of normals, set at 1.
Zmmunohistochemical techniques. The immunohistochemical methods were essentially as described by Cole et al. (1989) . In brief, 8-pmthick paraffin sections were cut from blocks from 6 AD and 6 age-84 Figure I . Specificity of antisera. Fifty micrograms of particulate fraction and 100 pg of soluble fraction from hippocampal homogenate were applied to 6-16.5% SDS-PAGE gradient gels, electrophoresed, and electroblotted to nitrocellulose. Blots were incubated with 0.1% Tween 20-PBS, cut into strips, and incubated with the appropriate antisera to PKC (-) overnight at 4°C. Controls (+) were incubated with antisera which had been preincubated overnight with 20 &ml of free peptide prior to dilution in 3% BSA in PBS [PKC(ol) 1:2000; affinity-purified PKC(@I), 1: 100; affinity-purified PKC(@II), 1:50; PKC($, 1: 5001. Blots were then developed as described under Materials and Methods.
matched normal controls. Sections from midfrontal, inferior parietal and superior temporal cortex, hippocampus, nucleus basalis of Meynert (NbM)/basal ganglia, and cerebellum were deparaffinized and incubated in 0.3% hydrogen peroxide in methanol for 30 min, washed in TBS, pH 7.4 (50 mM Tris-buffered saline), treated for 5 min in 10 @g/ml proteinase K in TE (10 mM Tris-HCl, pH 7.4, 1 mM EDTA), and then incubated in primary antibody (1: 100) in 3% goat serum or affinity- purified antibody (1:20) overnight. After TBS washing and incubation with biotinylated second antibodies, sections were processed with a Vectastain ABC elite kit and developed in 0.4 mg/ml diaminobenzidine/ 100 mM Tris-HCl and 0.0135% hydrogen peroxide, pH 7.4. Selected sections were counterstained with hematoxylin, thioflavine S, and Alcian blue in 0.7 M MgCl,. To show the specificity ofthe staining, control and AD sections were incubated overnight with antiserum adsorbed with 400 &ml (for sera) or 20 &ml (for affinity-purified antibodies) of the corresponding free peptide and without primary antiserum; there was no staining under these conditions. The same concentration of other peptides was without effect. In addition, neocortical serial sections were immunostained with anti-ubiquitin (1:2000, courtesy of Dr. A. Haas) as previously described (Love et al., 1988) , with anti-paired helical filament (PHF; 1:250, courtesy of Dr. D. Selkoe), and with anti-amyloid @-protein (1:500, courtesy of Dr. C. Masters). In case of anti-&protein staining, sections were treated with formic acid (99%) for 20 min prior to immunostaining.
Morphometry. Total cell counts in 20-pm-thick Nissl sections were performed with a Quantimet 970 as previously described (Terry et al., 1981) . In each adjacent section, the number of anti-PKC(@II) immunolabeled large pyramidal cells (> 90 pm) was counted in layers 3 and 5 of cerebral cortex in 10 fields of 1 mm* each. Also, anti-PKC@II)-immunostained, thioflavine S-counterstained sections of the superior temporal cortex were used to determine the proportion of immunoreacting classical plaques in relation to the total number of thioflavine-S-positive classical plaques.
Results
Anti-PKC immunoreactivity in homogenates of cerebral cortex and hippocampus prepared from AD patients as compared to controls The specificities of the antisera used for the current'study were tested on Western blots where total particulate proteins or total soluble proteins were electrotransferred onto nitrocellulose paper. Rabbit antibodies against C-terminal synthetic peptide of 4 PKC isozymes--ol, ,f31, @II, and y-all recognized PKC as a M, 80,000 protein in both particulate and soluble fractions (Fig.  1) . The staining of this band was eliminated by incubation of each antibody with an excess of free peptide showing the specificity. The immunoquantification of this band in 7 control and 11 AD hippocampal particulate fractions demonstrated a significant reduction in AD in anti-PKC(cu), -(PI), and -(@II) immunoreactivity with a trend towards an increase in the AD cytosol (Fig. 2) . There was no change in anti-PKC(y) staining ofthe M, 80,000 band. Anti-PKCUII)
showed a reduced staining on Western blots in the particulate fraction from frontal cortex with a concomitant increase in the soluble fraction (Fig. 3) . Anti- PKC (@I) showed an elevated staining in the soluble fraction. Anti-PKC(oc) and -(y) staining were not altered in AD cortex.
Anti-PKC staining is altered in AD brain sections In brain sections from normal individuals, anti-PKC antisera stained a set of neurons with a characteristic pattern for each isoform. In control cerebellar sections, anti-PKC(cY) immunoreacted lightly with the Purkinje cells. Anti-PKC@I) moderately immunostained Purkinje cells and the internal granular cell layer. Anti-PKC(PI1) immunolabeled, with a granular pattern, the nerve terminals around Purkinje cell bodies (Fig. 4A ) and around the dendrites in the molecular layer. Purkinje cell bodies and the internal granular layer glomerulus were lightly stained with anti-PKC(PI1). Anti-PKC(r) primarily labeled Purkinje cell somata (Fig. 4B ). There were no detectable differences in PKC immunostaining among 6 normal and 6 AD cerebellar sections.
Neurons within the control NbM (Fig. 5, A, C) and the supraoptic nucleus (SON) (Fig. 6 , A, C) displayed intense immunostaining with anti-PKC(or) and -@II); in the AD NbM (Fig.   5 , B, D) and SON (Fig. 6, B, D) , a moderate to marked decrease in immunolabeling intensity was observed with anti-PKC(oc) and -@II). A similar strong immunostaining for anti-PKC(cu) and -@II) in NbM and SON was observed in all 6 normal cases and a reduced staining was observed in all 6 AD cases.
In the control hippocampal sections, moderate immunostaining was observed with all the anti-PKC antibodies (01, @I, PII, and y) (Fig. 7, A, C , E, G) in the pyramidal cells of CA3 and CA4, with less immunoreaction in CA 1 and CA2. Additionally, PKC(-r) moderately immunolabeled the granular cells in the dentate gyrus. Some immunoreactivity was noted with anti-PKC(a), -(@I), and -(@II) in the wall of small vessels and glial cells. In AD hippocampal sections a modest increase in immunolabeling intensity was noted in pyramidal neurons of CA3 and CA4 with anti-PKC(ol) and -@I) (Fig. 7, B, D) and a marked increase with anti-PKC@II) (Fig. 70 . An increase in the immunostaining with anti-PKC(ol), -@I), and -@II) was noted in all 6 cases of AD sections, although we did not attempt to quantify the staining using morphometric methods because of the complex feature of the immunostaining and relatively high background staining of neuropil in both control and AD sections. The AD hippocampus displayed a relative increase in the number of PKC((u) immunoreactive glial cells in the areas where abundant plaques were found with thiollavine S. No alterations in AD were noted in the PKC immunoreactivity of vessels or white matter. Anti-PKC@I) also immunostained dystrophic neurites at the peripheries of plaques (Fig. 70 ) in CA1 and subiculum. No significant changes were noted with anti-PKC(y) (Fig. 7, G, H) .
In control neocortical sections, anti-PKC(cu) and -(PI) moderately stained the cytoplasm of the pyramidal cells (Fig. 8 , A, C). Some immunoreactivity was noted in small'neurons, glial cells, and small vessel walls. In AD neocortical sections, no significant changes in the patterns of pyramidal neuron immunostaining were observed with anti-PKC(cr) and -@I) (Fig. et al. -Protein Ki nase C i n Alzheimer's Di sease 
8, B, D)
. Some immunoreactivity was also noted in nuclei, neurites, small neurons, and walls of small vessels. In control cortical sections, anti-PKC(PI1) intensely stained about 50% of the pyramidal neurons in layers 3 and 5 (Fig. 8E) . In AD cortical sections, total large neuronal populations were reduced by 50%, and only 25% of the remaining neurons were immunolabeled with anti-PKC(PI1) (Fig. 9) . That is, while total large neuron populations in layers 3 and 5 were reduced by half in AD, anti-PKC(pI1) immunoreactive large neurons were reduced by 80%, and those remaining stained less intensely than the controls (Fig.  W . In addition to neurons, glial cells, and vessels, anti-PKC immunostained neuritic plaques in AD. Anti-PKC(oc) reacted diffusely with entire plaques and with glial cells around them (Fig.  lOA) . Anti-PKC@I) stained dilated neurites in the plaques (Fig.  70) . With anti-PKC(PI1) an intense fibrillar immunoreactivity was found in the amyloid-containing zones of plaques (Fig.  1 OB) . These were corroborated in serial sections counterstained with Alcian blue (Fig. 100 and thioflavine S, as well as in adjacent sections immunostained with anti-amyloid P-protein (Fig. lOD) , anti-ubiquitin (Fig. lOE) , and anti-PHF (Fig. 1OF ).
About 80% of the thioflavine-S-positive classical plaques were moderately immunoreactive to anti-PKC@?II) in the cores and fibrillar zones. In all cases, staining could be adsorbed out with an excess (20 &ml peptide for affinity-purified antibody) of competing free peptide immunogens.
Discussion
Reduced PKC levels determined by radioactive phorbol ester binding in particulate fractions from AD cortex and a trend toward elevated PKC levels in AD soluble fractions are previously reported biochemical abnormalities in AD brain . PKC is a family of closely related kinases, and the individual isozymes may have distinct distributions and functions (Nishizuka, 1988 (Nishizuka, , 1989 although no such information is yet available for human brains. Our previous biochemical study made no effort to differentiate isoforms of PKC. Thus, it was possible that the reported alterations in the activity, distribution, and concentration are restricted to a certain isoform of PKC. It was also unknown whether altered PKC biochemistry is restricted to certain cell types or is a general phenomenon. The current study deals with both of these uncertainties. immunolabeling of blood vessels was noted. Control (C') and AD (0) pyramidal cells immunostained with anti-PKC@I). Control (E) and AD (0 pyramidal neurons immunoreacted with anti-PKC@II); in this last, decreased immunostaining was observed in AD. In the control neocortex (E), some neurons display nuclear staining (arrowheads). x 350.
Tissue-or cell-specific expression of PKC has been examined by several methods. First, a phorbol ester binding study demonstrated PKC is distributed unevenly in the brain (Worley et al., 1986) . This method cannot distinguish multiple isozymes of PKC. Kuo and his collaborators (Girard et al., 1985; Wood et al., 1986) have shown, using polyclonal antibodies, that PKC is present mostly in presynaptic terminals and the periphery of many neuronal cell types. Using monoclonal antibodies, Mochly-Rosen and colleagues (1987) found staining of both neurons and astrocytes and related glial elements.
In cerebellum, Hidaka et al. (1988) showed the distinct distribution of PKC(o(), -(@), and -(r) isozymes in oligodendrocytes, the molecular and granular layers, and Purkinje cells, respectively. The presence of PKC(r) in Purkinje cells and PKC(@ in granule cells has also been reported by Huang and his collaborators (1988) ; their anti-PKC(oc) antibody stained both Purkinje and granule cells. A recent report by Nishizuka (1988) demonstrated the mutual exclusion of PKC(P1) and -@II) immunoreactivity. In their study, PKC(@I) was associated with granule cell bodies and PKC(pI1) immunoreactivity surrounded the Purkinje cell bodies and dendrites, most likely representing the numerous nerve terminals synapsing with Purkinje cells. In situ hybridization studies by Brandt et al. (1987) and are consistent with the immunohistochemical results. They have shown that the transcripts of PKC(P1) and -@II) isozymes localize in the granule cell layer of the cerebellar cortex, and the transcript of PKC(y) localizes in Purkinje cells, although no definite hybridization was detected in the cerebellar cortex with the PKC((Y) probe. In general, our results with human cerebellum are consistent with the results obtained with animal studies. There was almost no anti-PKC(PI1) reactivity in the cytoplasm and dendrites of the Purkinje cells, although punctate staining was observed in the Purkinje cell periphery, suggesting anti-PKC(PI1) labeled the presynaptic component or the tightly membrane-bound PKC of the postsynaptic component. Consistent with in situ hybridization studies and previous immunohistological studies in animals, the Purkinje cells were strongly labeled with anti-PKC(y) antibody in human cerebellum.
In the rabbit hippocampus, PKC((r) transcripts were present in pyramidal cells and in slightly increased amounts in the CA3 pyramidal cells, cells in the hilus of the dentate gyrus, and the granule cells . PKC(@) and -(y) genes were expressed in the pyramidal cell layer and in the granule cells of the dentate gyrus. Excluding the brain stem and spinal cord, where some cells were labeled only by the PKC(@I) probe, the pattern of distribution of PKC(P1) and -@II) transcripts was identical in the regions studied (Brandt et al., 1987) . Consistent with these in situ hybridization studies and immunohistochemical works of Huang and his collaborators (1988) , both pyramidal cells of the hippocampus and granule cells of the dentate gyrus were stained by all PKC antibodies in humans. These investigators showed that PKC(a) appeared primarily in the cytoplasm of neurons, whereas PKC(PI1) seemed to associate with the nucleus as well. Anti-PKC(cr) antibody labeled glia-like cells in humans, particularly in AD cases and in plaque-associated astrocytes. In vitro experiments showed the presence of PKC in cultured glia (Neary et al., 1986 (Neary et al., , 1988 Pearce et al., 1986; Murphy et al., 1988 ). An investigation of the PKC substrates in glial components will be needed to clarify the physiological significance of PKC in the glia system. For example, it is possible that trophic factors induced by PKC are involved in the activation of microglia. In addition, a glial protein, vimentin, is reported as a substrate of PKC (Nishizuka, 1989) . Thus, it is probable that PKC(or) in glial cells plays an important role in the response to neurodegeneration and regeneration.
The different distributions of these 4 PKC isozymes within the human brain are consistent with the notion that the different isozymes of PKC play different roles there. None of these PKC isozymes exhibits a pattern corresponding to any single neurotransmitter system. This is consistent with the observation that multiple transmitters can stimulate inositol lipid turnover, with resultant release of diacylglycerol and activation of PKC (Nishizuka 1988 (Nishizuka , 1989 . PKC is probably involved in processes that are common to multiple neuronal types.
In the neocortex, the reduction in PKC(PI1) in AD was detected by both biochemical and immunohistochemical techniques. There was a general trend toward decreased particulate and increased supernatant or cytosolic immunostaining of Western blots in AD. Because roughly two-thirds of total protein was in the pellet fraction, the net effect was a decrease in PKC. The most significant changes in the cortex were the reduction in anti-PKC(PI1) immunoreactivity in the pellet and the concomitant increase in the supernatant observed on Western blots. Consistent with these biochemical data, a significant decrease in anti-PKC@II) immunoreactivity was observed in AD cortical sections. This is attributable both to preferential loss of PKC(PH)-immunoreactive subpopulations of large neurons and to reduced PKC(PI1) content of those remaining. The cerebral cortex has very high PKC(PI1) levels, which account for the majority of PKC (Ase et al., 1988) , suggesting that changes in PKC@II) largely account for the reduced PKC activity and amount in the pellet fractions and the trend toward higher cytosolic PKC which we previously reported in the AD cortex . The immunohistochemical results in the hippocampus were less straightforward since they showed an increase in PKC(a), -(PI), and -@II) isoform staining despite the significant decrease seen with Western blots of the particulate fraction. This discrepancy may result from the fact that PKC-immunoreactive neuronal soma examined in sections represent only a small fraction of the tissue examined by Western blot analysis, which averages the neuronal soma with glial, vascular, and, perhaps most importantly, synaptic or neuropil contributions to enzyme levels. Recent results indicate a synaptic localization for the different PKC isoforms (Ase et al., 1988; Huang et al., 1988; Kose et al., 1988) . Because in AD brain the synaptic mass is decreased , the reduced PKC concentration on Western blot may be due mainly to loss of synaptic volume. Curiously, the increased PKC@II) immunostaining affected only the pyramidal cell layer neurons in CA4-CA2, while those in CA1 showed only the same faint positivity seen in control hippocampus. Why pyramidal neurons from CA4-CA2 (a region comparatively less involved with AD pathology) should show increased staining while those in CA1 (a region of selective vulnerability in AD) were unaffected is unknown at present. The changes in PKC(a), -@I), and -(@II) in the hippocampus may et al. reflect an involvement of this region in AD and particularly in the memory deficits underlying the dementia because PKC appears to play a vital role in establishing long-term potentiation, believed to be a cellular substrate for memory (Routtenberg, 1986) . In 2 other regions of selective vulnerability in AD, NbM and SON, anti-PKC(a) and -@II) immunoreactivity was drastically reduced. It is possible, although speculative, that increased PKC staining in certain neurons is the reflection of compensatory mechanisms which allow the neurons to survive yet unknown insult in AD. In AD brains, there are 2 prominent pathological lesions, neuritic plaques and neurofibrillary tangles. Various components of neuritic plaques immunostain with anti-PKC antibodies ( Fig. 1 I) , whereas tangles do not. The PKC@II) antibody mainly immunolabels material colocalized with amyloid in the plaques. This labeling is adsorbed out by peptide. Anti-PKC(PI1) staining of plaques does not resemble oc,-antichymotrypsin staining but is, instead, similar to anti-amyloid+protein staining (Fig. 10) . The material stained with anti-PKC (PII) is neither stained with anti-PKC(ol) nor -@I) but is stained with goat anti-PKC serum prepared against total PKC and with monoclonal antibody against PKC(p) which does not differentiate PII from PI (unpublished observations). It is therefore likely that amyloid staining of neuritic plaques with anti-PKC(PI1) serum is specific and is not merely the result of IgG adsorption or the presence of a cross-reacting epitope. PKC reported here should be explored further in hopes of identifying an underlying cause for neuronal dysfunction and death in AD.
PKC (a) :;;,:;s p KC (PI) n PKC (PII) 9";~ T, Ubiquitin $ Microglia Figure II . Schematic presentation of neuritic plaque staining with anti-PKC antibodies. Core portion of neuritic nlaaues occunied bv amvloid was strongly stained with anti-PKC@II). Spheric neurites are s&o&y stained with anti-PKC@I). Fusiform neurites are intensely stained with anti-PHF, although they were negative with any of our anti-PKC antibodies. Astrocytic fibers are stained with anti-PKC(or).
has been shown to phosphorylate amyloid precursor protein in vitro (Gandy et al., 1988) indicating a hypothetical connection between PKC and amyloid precursor processing. PKC(PI1) is found in presynaptic nerve endings (Ase et al., 1988) and in the Golgi apparatus, where it may be involved in protein processing (Nishizuka, 1989) . We are currently investigating the relationship between amyloid and PKC(PI1) at the ultrastructural level to get insight into the mechanisms by which PKC(PI1) may be involved in amyloidogenesis.
Interestingly, the neuritic component of plaques was stained with anti-PKC(P1)
antiserum, but not with antisera against PKC(a), -(@II), or-(y). The component stained with anti-PKC(P1) in the plaques is distinct from fibrous glia, although the same antisera stained reactive glial cells. We have observed similar anti-PKC (ol) and -(PI) staining of reactive glia with experimental lesions in the rat hippocampus (Shimohama et al., 1988) . The antiserum against the PKC(r) isoform was negative with glia. No anti-PKC antisera stained neurofibrillary tangles, in contrast to anti-casein kinase II (Iimoto et al., 1990) .
In conclusion, we present evidence for alterations of PKC isoenzymes in AD. Although the cause of these alterations remains unknown, they do not simply reflect the neuropathology of AD since we have found similar PKC deficits in AD fibroblasts . However, PKC is not simply a systemic alteration in AD because PKC alterations were not obvious in AD cerebellum and PKC alterations were drastically different from one area of the brain to another. The changes in immunohistological staining observed in AD tissue sections and with homogenates on blots may reflect, in part, reduced activation and diminished translocation of PKC in AD, which could be directly related to neuronal dysfunction.
In the rat, similar changes in PKC activity occur with age (Friedman and Wang, 1989) , which suggests that a genetic defect affecting PKC could aggravate normal aging changes. The aberrant PKC behavior
